




















A POSSIBLE MECHANISM FOR THE LOW SHEAR VISCOSITY IN THE QGP
CREATED BY RHIC
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we study the possibility of the weak localization effect in QGP and find that it can reduce the
shear viscosity nonperturbatively. The bound state created during collisions, if sufficiently heavy,
may play the role of the random scatterer underlying weak localization effect.
PACS numbers:
One of intriguing properties regarding the newly iden-
tified quark-gluon plasma (QGP) created by relativistic
heavy ion collisions [1, 2, 3, 4] is its near perfect hydro-
dunamical and strongly coupling behavior. In particular
the ratio of the shear viscosity to the entropy density,




In strong coupling region the perturbative method is not







with g the QCD running coupling constant. Non-
perturbative effects are expected to play an instrumental
role to explain the observed ratio.
A systematic analytical calculation of QCD beyond
perturbation theory is very difficult and the lattice simu-
lation of transport coefficients [16] sufferes from large er-
ror bars associated to the analytical continuation to the
mass shell. A lower bound of the viscosity-entropy ratio
was estimated using the uncertainty principle within the







The bound is surprisingly close to that of the N = 4 su-
persymmetric Yang-Mills theory at large Nc and large ’t








The experimental result is rather close to these bounds
and the underlying QGP seems strongly interacting.
Besides the lower bound of the viscosity-entropy ra-
tio, there is little understanding of the physical mecha-
nism that contributes the suppression of the shear viscos-
ity. One possibility is the existence of many zero energy
bound states as was suggested in [9]. In this letter, we
shall explore the possibilty of weak localization (WL) ef-
fect as such a mechanism.
The WL effect refers to the multiple scattering process
of a wave propagating in a disordered medium where the
individual scattering is elastic. Naively, one expects that
the net scattered wave equals to the incoherent sum of
individual ones but a closer look reals that this is not
the case. The scattering amplitude following any path
of multiple scattering is in phase with the one following
its time reversed path when the scattering angle reaches
180, independent of the location of the individual scatter-
ing events along the path. The elasticity or approximate
one is required to maintain the phase relation between
the two scattering waves. This coherence effect was first
suggested by Anderson [10] and was verified experimen-
tally by the intensity peak of the reflected light off the
surface of an amorphous material with normal incidence
[11](the figure 1 of this paper provided an intuitive il-
lurstration of the WL effect). The field theoretic treat-
ments of WL have been developed in the context of the
electrical conductivity [12] in an amorphous metal and
the energy transport of light wave in a random medium
[13].
In this letter, we shall generalize the existing analy-
sis for the weak localization effect on the electrical con-
ductivity and the energy diffusitivity to the momentum
transport coefficient, shear viscosity, by considering a
massless scalar field in a random medium. The mass-
less particles resembles the high energy (∼ T ) degrees of
freedom in the QGP produced by RHIC. Then we shall
show that the heavy bound states produced in the heavy
ion collisions may play the role of the random scatterer
required for the WL effect. Because of the crudeness of
our model, our conclusion remains qualitative.
The transport coefficients can be calculated by the
Chapman-Enskog approximation of the Boltzmann equa-
tion or by the diagrammatic expansion of the exact for-
mula, Kubo formula, of the linear response theory[15]. It
has been shown that the former approach is equivalent
to the ladder resummation of the latter one for self inter-
acting scalar field and pure Yang-Mills field [15, 17]. The
coherence effect underlying the weak localization corre-
sponds to a set of maximally crossed diagrams which is
beyond the ladder ones, and therefore can not be ob-
tained from the kinetic theory.
2Let us consider a simple model of massless scalar field













u(~r − ~Rj). (6)
The way of introducing the medium coupling is to mimic
the color dielectric response of the high energy gluons in
QGP medium. But the physics of WL is not sensitive










where χ(~q, ω) is the Fourier transformation of the re-












d4Xe−iQ·X < Trρ[tij(X), tij(0)] > θ(t).
(8)
where ρ = Ze−βH is the the density operator with
Trρ = 1 . The braket < ... > stands for the average
over the centers of individual impurity potentials, ~Rj .
The four vector notation X = (~r, it) for coordinate and
Q = (~q, iω) are adapted. The two point function in eq.(8)
can be obtained from the generating functional of the
closed time path(CTP) Green function formulation [18],
i.e.




















d4X ′U(~r − ~r′)φ˙2(X)φ˙2(X ′)
]
), (9)
where ρ0 = Z0e
−βH0 with H0 the free Hamiltonian (i.e.
the Hamiltonian at κ = 0 ), φ is the free field operator.
U(~r − ~r′) =< κ(~r)κ(~r′) >c and the subscript p of the
integral sign specifying that t is integrated first from t =
−∞ to t =∞ and then from t =∞ to t = −∞ and the
symbol Tp enforces the ordering with respect the CTP.


































ΦAA(P, P ′, Q)}
= χRA(~q, ω) + χRR(~q, ω) + χAA(~q, ω) (10)
FIG. 1: . Diagrammatic representations
FIG. 2: . Schwinger Dyson equation and it’s diagrammatic
expansion
where n(p0) = (e
βp0 − 1)
−1
, p±0 = p0 ±
1
2ω and Iij(~p, ~q)
is the Fourier component of the derivative operators in







The function Φαβ(P, P
′, Q) with α and β equal to
R(retarded) or A(advanced) can be expressed in terms




2 − ΣR(A)(P )
(12)
together with the 1PI vertex functions Γαβ(P, P
′, Q), i.e.
Φαβ(P, P
′, Q) = Gα(P+)Gβ(P−)× (13)[








where ΣR(A)(P ) is the retarded(advanced) self-energy
function, P± = P±
1
2Q, P
′ = (~p′, ip0) and P
′′ = (~p′′, ip0).
Since only ΦRA(P, P
′, Q) contributes to the pinching sin-
gularity of the p0-integration at weak coupling, we shall
focus on it and see how the WL effect suppresses its
contribution. The subscript R, A of Γ will be sup-
pressed. It follows from the Dyson-Schwinger equation
for Γ(P, P ′, Q), shown in Fig.2, that ΦRA(P, P
′, Q) sat-
isfies the following integral equation,








Γ˜(P, P ′, Q)ΦRA(P
′, P ′′, Q)
= −i∆G(P,Q)[(2π)3δ3(~p− ~p ′′)], (14)
3where ∆G(P,Q) = GR(P+)−GA(P−) and Γ˜(P, P
′, Q) is
the 2PI part of Γ(P, P ′, Q). The leading order of Γ˜ reads
Γ˜(P, P ′, Q) = −2πip40U(pˆ · pˆ
′)δ(p′0−p0). For |Σα(P )| <<
p, ∆G(P,Q) is sharply peaked at p = p0 and we may
approximate ΣR(P ) ≃ −ΣA(P ) ≃ −2ip0γ. Introducing
the partial wave expansion





















[pˆ · pˆ′ − (pˆ · qˆ)(pˆ′ · qˆ)] +
∑
l≥2





Bpˆ,pˆ′ = 2iγ1 − (pˆ+ pˆ
′) · qˆ + 2ω(pˆ · qˆ)(pˆ′ · qˆ), (17)












Γ˜(P, P ′, Q)Pl(pˆ · pˆ
′)∆G(P ′, Q)





The emergence of the diffusion pole ( or the absence of
γ0 ) is the consequence of the Ward identity[12]




∆G(P1, Q)Γ˜(P1, P, 0). (20)
The shear viscosity picks up l = 2 partial wave of
Φ(P, P ′, Q). It follows from (7), (10), (11) and (16) that























where the approximation ∆G(P,Q) ≃ 2πδ(p20 −
p2)sign(p0) has been employed to simplfy (16).
Perturbatively, Γ˜ is approximated by its leading order
expression,
Γ˜(0)(P, P ′, Q) = −2πip40U0δ(p
′
0 − p0), (22)
where we have ignored the momentum dependence of U .




8π . One may also sum up all scattering diagrams by a
single impurity. In that case U0 of (22) will be replaced
by the t-matrix of the scattering and γ will acquire a
nontrivial dependence on p0. The 1PI vertex Γ is the
sum of ladder diagrams show in Fig. 2 and we have






with the bare diffusion constant D0 =
1
6γ .
The weak localization effect comes from the maximally
crossed diagrams shown in the second line of Fig. 2 which
is a subset of diagrams for Γ˜. The sum of this set of di-
grams, U(P, P ′, Q) can be obtained from the that of lad-
der diagrams shown in the first line of Fig. 2 by reversing
one of the rails ( dropping the bare vertex ). We have
U(P, P ′, Q) = Γ2PR(Prev, P
′
rev, Qrev) (24)
where the subscript 2PR refers to the two particle re-
ducible diagrams, Prev =
(
1
2 (~p − ~p





′ − ~p + ~q), ip0) and Qrev = (~p + ~p
′, iω)[12]. Substi-
tuting the second term of (23) for Γ2PR, we find that




and Γ˜(P, P ′, Q) = U(P, P ′, Q) + .... The contribution of
U extends to all angular momentum partial waves.
In space dimensions d < 3, the backward sigularity of
the integrand of (18) is sufficient to make γl divergent
and thereby to make the dressed diffusion constant van-
ish at ω = 0 for arbitrarily weak scattering. This is not
the case in d = 3 for coupling below a critical strength.
A self consistent treatment of the backward sigularity by
summing up the most singular set of maximally crossed
diagrams amounts to replaced the bare diffusion constant
in the expression of U(P, P ′, Q) with the dressed one,
D(ω)[19]. Eq. (18) becomes then a self-consistent equa-
tion for D(ω). Upon introducing a cutoff kc that restricts
the momentum integration in the neighbourhood of the
backward scattering and approximating ∆G(P ) ≃ 1p0γ ,


























the onset of WL is characterized by ξ 6= 0, which implies
that limω→0 D(ω) = 0, and turns itinerant states into
4E/T 1 3 6 9
r 0.012 0.230 0.723 0.95
TABLE I: The suppresion factors for several values of E/T .
localized ones. Carrying out the integration of (26), we










where we have set the cutoff kc ∼ γ. Therefore, de-
pending on the p0-dependence of γ, WL effect ren-
ders γ2(p0) → ∞ for a domain of p0 and may reduces
limω→0 χ(0, ω) significantly according to (21). In case of
the Mie scattering of an electromagnetic wave by a ran-
dom distribution of metallic sphere, D(0) = 0 for p0 > E
[13]. If this is the case for sQGP, we may assume that
γ2(p0) = γ
(0)
2 for p0 < E and γ2(p0) = ∞ for p0 > E
with γ
(0)
2 given by the ladder diagrams alone. Ignoring
the energy dependence of γ
(0)
2 , the WL suppression factor
of the shear viscosity r effect can be estimated according













(ex−1)2 with f(∞) =
4π4
15 . The
values of r for several values of E/T are displayed in the
table I. Notice that we have extrapolated the approxi-
mate solution (16) to the case where |Σα(P )| ∼ p because
of the condition (29).
The self-consistent equation parallel to (26) for d = 2
reveals that the localization length survives for an arbi-
trarily week coupling. No further conditions like (29) are
required.
Next we try to identify the candidates within the QGP
that simulate approximately the impurities. It could be
the droplets of confined phase or disoriented chiral con-
densate. A potential candidate is the heavy states pro-
duced in the collisions, whose mass can be as high as
2GeV. If such states behaves like NR particles, the mo-
mentum transfer in a scattering event could exceeds by
far the energy transfer thereby implement the approxi-
mate elasticity required for WL effect. To be more spe-
cific, Let us consider the toy model of a massless boson

















FIG. 3: . The one-loop interaction vertex. The solid line
represents the light field, while the dashed line stands for the
heavy fields.
whereM is the heavy mass, µ is the chemical potential for
ψ and λ the coupling const. The reason for µ is to control
its density. The form of the coupling is the simplest one
that conserve the number of ψ. To the leading order of
perturbation theory, the dashed line of point correlation
of impurities is replaced by the one loop diagram of NR







where K = [~p′− ~p, i(p′0− p0)] and the suscripts a, b label
the branch of CTP time. It follows from KMS realtions
that all components of Uab(K) can be obtained from the








UR(K) and UA(K) can also be evaluated with Matsubara
diagram and appropriate analytical continuations. For




be neglected in the limit M → ∞.The integral (33) can
be calculated explicitly for arbitraryM , q and ω and the






















nα with z = e
βµ. Because of




0 − p0) (35)
with the constant negative, in agreement with that from
a disorder potential (22).
In conclusion, we have examined the possibility the
weak localization effect in QGP and found that it can
reduce the shear viscosity nonperturbatively. The bound
state created during collisions, if sufficiently heavy, may
plays the role of the random scatterer underlying WL
effect.
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